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Abstract

The University of Denver Aerosol Group proposed to adapt an impactor system

for the collection of particles emitted by aircraft. The collection substrates were

electron microscope grids which were analyzed by Dr. Pat Sheridan using a

transmission electron microscope. The impactor was flown in the SNIFF behind

aircraft and engine emissions were sampled. This report details the results of that
work.

Impactor System

We built an impactor system which collected particles in the aerodynamic

diameter range from 10 nm to 100 nm. The collection substrate was an electron

microscope grid which permitted analytical electron microscopy to be done on the

collected particles. The aircraft inlet was supplied by NASA Langley as was the

pressure control valve and pump. The pressure reducer consisted of an orifice and

a chamber of such dimensions that particles in the 0.01 to 0.1 l-tm range were not

lost to the walls. The pressure control valve and pump maintained the pressure in

the chamber at 44 mb at all aircraft sampling altitudes. The flow into the

pressure reduction chamber was approximately 0.25 standard liter per minute

(SLPM). The pre-impactor removed particles larger than 0.1 F-tin. The impactor

flow control maintained the required sample flow of 50 cc/s through each of the

impactors when they were sampling. The by pass valve permitted the flow

control circuit to function continuously. Since the response time of the controller

is long, we wanted the flow to be established and constant.

The impactor was controlled in flight by three switches. One advanced the

carousel from one sample to the next. The second initiated sampling and the third

provided power to the system. A switch box was provided so that the operator

could control the system from a seat at some distance from the assembly.

The impactor system included of the following components:

Impactor wheel containing 24 sample collection stages. One is usually
used for a blank.

Stepper, stepper controller and stepper driver to move the wheel. Drive
train.

Pressure reducing orifice and chamber designed to pass particles in the 10

to 100 nm diameter range. Pressure will be redticed from ambient levels

to about 40 rob. The pump and pressure controller required to do this

were provided by NASA Langley. DU provided an absolute pressure
sensor.

Pre-impactor designed to remove particles larger than 1O0 nm in diameter

from the sample stream. These particles are removed upstream of the

collection impactors. DU provided a pressure sensor to measure

pressure drop across the pre-impactor.

Impactor flow control system consised of:

Pump in a sealed can so that leaks through bearings do not confound
flow measurement



Flow controlcircuit
LaminarFlow elementwith pressuresensor

By-passvalveandflow resistance.Solenoidcontrolledvalveto choose
sampleor by pass.

PowerSupply.
Box to containsystem
Controlbox to permit theoperatorto turnon thesystem,advancethe

samplewheelto thenextsampleandstartandstopsampling.
Analogoutputsfor pressure,pressuredropacrossthepre-impactor,flow

throughtheimpactorandtemperature(6 total). Langleyrecordedthese
data.

Theimpactorsystemwasinstalledin theNASA Langleyaircraftby aUniversity
of DenverResearchEngineer.

Analysis of Collected Samples

Pat Sheridan analyzed the samples on the electron microscopic grids with a NIST

200 kV STEM at Boulder. His report is attached to this report.

Summary_ of Analysis and Conclusions

Aircraft exhaust particles were observed in a variety of morphologies ranging

from classic chain aggregate soot particles to 'amorphous blob' particles that may

have impacted in a wet, moist or dual-phase state. Some samples showed blob

particles that looked like they have been coated chain aggregates. Regardless of

their morphology, all the carbon containing particles had similar xray spectra and

showed C, O and Si.

Measurements were made behind an F-16 and a C-130 aircraft. Although the

composition of the carbon containing particles were similar in plurnes from the

two planes, the morphological characteristics of the samples differed. The F-16

particles contained a higher fraction of solid and chain aggregate soot particles

and the C 130 showed more blob-like particles.

Reporting of Results

These results were reported at the American Geophysical Union Fall Meeting in

1997 and a manuscript will be submitted to Geophysical Research Letters within a
month.
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Summary. Twenty aerosol samples were collected in aircraft exhaust plumes on coated electron

microscope grids using a low-pressure impactor mounted on a NASA chase aircraft. Two

additional samples were collected in background air at the same altitudes that exhaust samples

were collected. The samples were then analyzed to determine the morphology, chemical

composition, and relative abundance of individual particles using analytical electron microscopy.

Analysis of all of the samples permits the following generalizations to be made concerning

particle distributions in aircraft exhaust. First, exhaust particles emitted from the two different

types of source aircraft often showed different morphologies, with the C-130 aircraft exhaust

particles usually resembling amorphous "blobs" or coated soot particles and the F-16 particles (at

least those collected close to the source aircraft) most often appearing as classic chain aggregate

soot. The elemental composition of both types of particles was essentially the same (major C,

with minor O and Si), but the relative amount of organic C present could not be determined and

may have varied widely. The presence of Si in most exhaust soot particles from all samples is

interesting and may be an effect of the use of Si-containing fuel additives or lubricants in the

engines of military aircraft. Second, some samples collected closely behind the C-130 aircraft

showed particles and other features that were difficult to view clearly. We have speculated on

the presence of a coating or film either on the particles before sampling or deposited to the grids

during impaction. These coatings, if present, do not contain appreciable S and appear to be of

similar elemental composition as the particles. Darker spots (perhaps residues) surrounding most

particles in these samples support this possibility. Questions are raised in this report regarding

the operation of the impactor, particularly in the observation of uneven deposition patterns and

the sampling of background air.
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I. Introduction

Thisdocumenthasbeenstructuredin a "Reportof Analysis"format. In this format, detailed
accountsof theanalysesof individual aerosolsamplescollectedbyNASA aircraft arepresented,
along with any problemsencounteredduring theseanalyses. Detailed discussion of the
analyticalmethodsarepresented,sothat all PrincipalInvestigatorshavethis informationandcan
suggestchangesin the techniquesif deemednecessary.Speculationon the causesof potential
samplingproblemsis offered,andquestionsareput forth to elicit thoughton how to overcome
theseproblemsandto helpdecidewhich data,if any,are invalid. This detailedreport is for the
use of the Principal Investigatorsand was not meantto be a public document, althoughit
containstheessentialresultsof the electronmicroscopeanalysesandwith editing could serveas
a templatefor futurepapers.

II. Descriptionof theAnalyticalMethods

A. Capabilitiesandlimitationsof theanalyticalelectronmicroscopysystem

Themicroanalysisof all aerosolsampleswasperformedusingtheNIST/MaterialsReliability
Division 200 kV analyticalelectron microscope. Time is scheduledfor microscopeuse in
advanceand hourly userfeesareassessedto cover the costsof expendablesupplies(primarily
electrongun f'damentreplacement,photomicrographfilm and darkroom supplies,and liquid
nitrogen). Thetypicalrateis around$100perhourfor approvedusers.

The NIST instrumentis a JEOL 200CX analytical electronmicroscopeequippedwith two
energy-dispersivex-rayspectrometers.Themicroscopehassufficient resolutionin the standard
viewing (i.e., transmission)modeto detectsolidparticlessmallerthan0.01l.tm in diameter. The
x-ray detectorspermitthecollectionof x-ray spectrafrom individual or aggregateparticlesthat
representtheir elementalcomposition.Theparticlesize limit for x-rayanalysisof solid particles
is variableanddependsonwhichelementsarepresentandthe massfraction of theseelements,
but in practicerangesbetween.--0.05 and 0.1 _tm diameter.

The minimum sizes for viewing and analyzing acidic sulfate particles are larger than for solid

particles. This is primarily due to two effects. First, impacted H2SO4 droplets that are not fixed

in some way (e.g., by ammonia or evaporative coating) spread out on the formvar fdm to a larger

diameter than the particles exhibited in the atmosphere, and this spreading decreases the

viewable contrast between film and particle. Second, water is lost in the high vacuum

environment of the transmission electron microscope (TEM), so that instead of viewing a

hemispherical cap we are viewing a relatively flat S-containing residue or spot. Both of these

effects combine to make small H2SO4 droplets difficult to view in the electron microscope. In

practice, S-containing spots down to ~0.05 I.tm are visible during the analyses. We typically do

not expect to be able to get a usable x-ray spectrum from a particle with such little mass. Particle

morphology, contrast and instability in the electron beam allow classification of these particles

nonetheless. The lower size limit for obtaining an x-ray spectrum identifying the particle as S-

containing is closer to 0.1 I.trrt

The obvious question to ask here is how the size of the analyzed H2SO4 particle relates to the

size of that particle in the atmosphere. We have not performed laboratory studies to answer that



questionyet, althoughothershave. While the works we havefound differ in the relationship
betweenimpactedandtrueparticlesizeby severalhundredpercent,it seemsclearthat particles
in the atmospheredisplaysmallersphericaldiametersthan the diametersof the circular acid
spreadspots. What is unknownis whethertrue atmosphericparticlediametersare75%, 50%or
25% of the spreadspotdiameters. What is likely is that a 0.05-p.mdiameterHzSO4particle
viewedin theTEM hada substantiallysmallerpre-impactiondiameter.

B. Analysisstrategies

Theanalysisof particlesonatypical200-meshcopperTEM grid with a formvar film coating
occursin threestagesandusuallytakes4-5 hours. In the first stage,the grid is observedat a
lower magnification(e.g.,1,000X)to determineif a centralaerosoldeposit(CAD) ispresent. A
CAD is usually not locatedin the geographiccenterof the grid; its location dependson the
positioning of the grid on the impactionsurface. A cross sectionof the depositedparticle
numberdensityacrossa typicalCAD is roughly Gaussianin shape,with particleloadingsfalling
off dramaticallywith distancefrom thecenterof thedeposit. Figure1is a drawingthat depictsa
typical central aerosoldepositon a 200-meshTEM grid. Note that for a 200-rneshgrid, each
squareis ~80-100lamacrossandthatthis field-of-view (FOV) coversonly a few percentof the
totalgrid area. Thegrid extendsfor severalFOV diametersoutwardin all directionsfrom here,
and after moving out one diameter(N6 squares)in any direction from this location, observed
particlenumbersaremuchlower. Uponfinding theCAD region,observationsregardingits areal
extent,therelativeparticleloading,themajorobservedparticletypes,andanypeculiaritiesin the
aerosoldeposits(e.g., depositioninhomogeneities)are made. Photomicrographsof FOVs in
differentareasof thegrid areoftentakenat this time.

Experiencein analyzingtheaerosoldepositsfrom this impactortellsus that CADsare to be
expectedwhen the impactor is functioning properly (e.g., no systemleaks, particle bounce
effectsor impactorjet clogging). It is our opinion that the lackof a CAD suggestseither (1) the
grid was positionedwell off center on the impaction surfaceor (2) the impactor was not
functioningproperly.

The secondstageof grid analysisinvolvesobtaining informationon individual particlesfrom
over the entire grid area. Sincestudieshave shown that particlesof different aerodynamic
diameterarelikely to depositat differentradial distancesfrom theimpactorjet andsinceparticle
typemay well be relatedto aerodynamicdiameter,we havechosento analyzeareason thegrid
at different radial distancesfrom the central deposit. This ensuresthat a more representative
samplingof particles is obtainedthan if only one grid areawasanalyzed. In theseanalyses,
particles are randomly chosen and analyzed for elemental composition using the x-ray
spectrometersystem. Particlesareclassifiedaccordingto major detectedelements,or in some
cases,accordingto interestingtraceelementchemistry. Generally,at leastonerepresentativex-
ray spectrumof eachmajorparticletypepresentin the sampleis archived. Notesarekept that
describe the appearanceand size of the particle that produced each archived spectrum.
Generally,10-20spectraof these"typical" analyzedparticlesaresavedduring a grid analysis.
Often,particle typesareobservedthat alreadyhavean archivedspectrum.In thesecases,after
collecting the x-ray spectrumfor a period of time sufficient for particle classification, the
spectrumis discardedand a new analysisbegun. In this manner,an impressivenumberof
particlescan be analyzedfor elementalcomposition in a relatively short time, and an overall
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impression of the distribution of particle types is obtained before the formal particle counting

procedure (described below) is started.

The transparent C-coated formvar films used to support the collected particles contain C and
O in small but detectable amounts. The films contain major mass fractions of C, but relatively

little C mass since they are so thin. A small Si peak is observed in most x-ray spectra due to

fluorescence of the Si dead layer inside the detector. Thus, the C, O and Si peaks from analyzed

particles all contain contributions from the thin film or the detector. These system background

contributions are determined by collecting several spectra from particle-flee areas on the thin

films on each grid. These background spectra are averaged for each sample, and the average

system background contribution for each element calculated. These are usually small compared

with the elemental contributions from a typical aircraft exhaust particle of sufficient size, and are

subtracted from the total (particle + system) x-ray spectrum for each analysis.

The final stage of grid analysis involves the counting and classification of 500 particles. This

procedure has been described in more detail in our previous publications. Briefly, the

microscope magnification is increased to 20,000X and a square containing particles near the

CAD region is selected for analysis. At 20,000X, solid particles less than 0.02 I.tm in size are

visible during the analysis. Depending on the loading of particles in the grid square, one or more

traverses across the square are made. All particles that pass within the boundaries of a small

rectangle on the viewing screen during the traverse are counted and classified. This involves

determination of the morphology and elemental composition of each particle >0.05 _trn. Upon

completion of a traverse, particle types are tallied and, depending on the loading, another

traverse is begun either within the same grid area or in another portion of the grid. As stated

above, traverses are performed in areas of the grid at several different radial distances from the

impactor jet. Typically, x-ray spectra and photomicrographs of the analyzed particles are not

archived during this analysis stage due to instrument use constraints, unless a new particle type

or otherwise interesting particle is encountered.

III. Analysis Issues

A. Grid handling

A couple of issues that could be preventable caused problems with the TEM grid analyses.

First, of the twenty-two samples sent for analysis, several grids were badly mangled nearly to the

point of being unusable. The grids were straightened and flattened as well as possible with

microforceps, but viewing under the electron microscope revealed many broken films over grid

squares, as well as broken grid bars in some samples. This of course limited the viewable (i.e.,

intact-film) area, to in some cases as little as 10-20% of what it normally is in a well-handled

specimen. Since the surface of the grid was not flat on a microscopic scale, analysis was slowed

considerably because movement from one particle to the next generally meant that the new focus

was off, even within the same grid square. In two cases, the double-stick tape used to secure the

grid to the impaction substrate was sticking to part of the grid, making this area unusable for

analysis. Every investigator that works with these tiny grids in a field setting is well aware of the

handling difficulties and has probably ruined a few grids. The point of this discussion is not to

trivialize those difficulties, because they are significant, but to restate this important point. Extra

care taken in the field handling of grids translates to potentially more information available in the



microanalysisof theaerosolsample.

Anotherissuethatlimits theanalyticalcapabilitiesof thetechniqueswe employ is theuseof
TEM grids of a smaller meshsize. We suggestthat only 200-meshCu TEM grids with a
formvar/carbonfilm beusedfor aerosolcollection. Therearemanyothergrid materials,meshes,
and films available,but manyyearsof experiencehavegivenusconfidencethat our suggested
grids are the bestfor our purposes. In Figure 1, the relativeviewablefilm-to-grid bar areais
approximatelyaccuratein thisdepictionof a 200-meshgrid andis 60-70%. That givesplentyof
impactionsubstrateto analyze. Comparethis with Figure2, which is a drawing of oneof the
smaller-mesh(probably400-rnesh)gridsusedin abouthalf of thesamplesin this study. Relative
to a 200-meshgrid, thesizeof a400-meshgrid squareis reducedin bothdimensionsby a factor
of 2 (~80 I.tmto ~40 lam),andtheviewableareareducedafactorof 4. Thismeansthat evenin a
well-handledgrid with nobrokenfilms, only ~15%of thegrid areais availablefor viewing,and
all of thesesmaller-meshgrids showedat leastsomefilm breakage.We strongly suggestthat
200-meshTEM gridsbeusedin futurestudies.

B. Samplepeculiarities(unevendeposits)

One disturbingobservationwas madein a numberof the samples. In thesesamples,the
particulatedepositdid not resembletheexpectedCAD with particle loadingsdecreasingfrom a
centralhigh-densityregion. Instead,small"depositionislands"of high particle numberdensity
were spreadaroundthe grid. The arealextent of most of theseislandswas relatively small;
generally one or two grid squares. Squaresadjacentto theseusually showed low particle
numbers. Figure 3 illustratesthis situation. Another figure later in this report shows a
photomicrographof thedepositionislands.

The morphologyof particlesin thesesmall, high-loadingislandswasoften different thanin
sampleswhereno islandswerefound. Theclassicchainaggregatesootparticleswere typically
absent,and a morecompacteddepositwasvisible. The compositionwasvery similar to the
chainaggregatesootanalyzedthroughoutthis study- typically majorC with O and Si, although
often the Si waspresentin highermassfractionsin thesedeposits.We believethat theseisland
depositsareessentiallythesamematerialpresenton theothergrids,we just questionhow it got
there.

Actually, severalquestionsrequire answersregardingthe unevendepositson thesegrids.
The obvious question is "What causedthese unevendeposits?" It is unlikely that large
agglomerateparticleshappenedto bypassthe pre-collectionsurfaceand impact on just a few
chosengrid squares.Onepossibilityis particlebounce-offfrom thepre-collectionsubstratethat
wasdesignedto removelargerparticlesfrom the collectedsample. If the particulatedeposit
built up to a point whereablationcould occur,relatively large,moist,compactedchucksof the
deposit could be ejectedback to the collection substrate. This could explain why adjacent
squaresoften showedordersof magnitudedifferencesin observedparticle loadings. This effect
also was observedmore frequently in samplesfrom later in the program, which would be
consistentwitha build-upproblem.

Another questionto raiseis "Was therean impactormalfunctionwhenthesedepositswere
formedthat precludedthecollectionof arepresentativesample?"Most of the time samplesthat
displayedthe"island" typeof depositsdid not alsoshowa CAD region. Onewould think even
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if clumps were breaking off the pre-collection surface, that small particles would still follow the

streamlines around to the collection substrate to form a CAD. This was, however, usually not

the case. Some of the aerosol deposits were quite heavy, signifying very high concentrations of

aerosol particles being sampled. Could the deposit have grown over time to a sufficient size to

influence (or even block) the flow streamlines? Could there have been a leak or pressure change

within the impactor during these samples that changed the cut size or introduced contamination?

These questions are being raised here to elicit thought on whether all or only some of the

samples are usable for us to talk about in reports and papers, and just how we want to go about

determining which samples are usable. For now, we view these samples as suspicious and will

attempt to determine just how much usable information they contain. For example, the 500-

particle classifications may still be representative if the traverses are pefforrr_ in areas of the

grid removed from the island deposits. In a later section of the report we will describe each

sample in detail.

IV. Variability of the Aerosol Samples Related to Aircraft Type, Fuel, and Separation

The elemental composition of aircraft soot was fairly consistent no matter which of the two

aircraft @-16 or C-130) or several types of fuel was generating it. Aircraft soot particles were

composed mostly of C, usually with trace-to-minor amounts of O and Si and occasionally trace S

present. Figure 4 shows x-ray spectra from five very small soot particles from an F-16 exhaust

sample (JP-8 fuel, 0.05 nautical miles separation distance) superimposed on two system

background spectra. Peak areas of C and Si in the soot spectra are generally observed to be

several times larger than the system background contributions, with O only slightly above

background. In this x-ray system, C x-rays are detected far less efficiently than are Si x-rays, so

relative background-subtracted peak heights do not translate directly into elemental mass

fractions in the particles. Silicon is present at the one-to-few percent level in mos_ of these

particles. Sulfur peaks were not observed in these particles, and should have been easily

detected'if present because there is essentially no system background for S. Sulfur was,

however, present in detectable amounts on a minority (N5-20%) of the soot particles in this and

other JP-8 fuel exhaust samples. In the one analyzed F-16 exhaust sample where Low-S fuel

was burned, no CAD region was found and extremely inhomogeneous deposits were

encountered. Individual particles were relatively rare and an impactor malfunction was

suspected. X-ray analyses of the particles present indicated the C-O-Si composition with

relatively few particles showing detectable S. The occurrence of Si in aircraft soot particles has

not to our knowledge been observed previously, and might be useable as a marker to distinguish

aircraft-generated soot from other types of C-rich particles in the atmosphere.

The fraction of soot particles containing detectable S increased in exhaust samples from

aircraft burning High-S fuel. For definition purposes we will define "detectable" as the

minimum elemental mass necessary to create an observable disturbance in the x-ray continuum

at the energy of interest. Perhaps a better phrase to use would be "barely detectable". It must be

noted that this is not a robust definition of the amount of material present, and is less than our

usual definition of"trace", which is generally less than a few percent by weight but clearly above

background. Particles classified as "C-O-Si, with S" in the next section of this Report showed S

clearly above the system background, and generally were present in smaller number fractions

than the particles with "detectable" S. Our detection limit is based on elemental mass, so a S
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coatingon a very small particle might not be detectablewhereasa similar coatingon a larger
particle probably would. The severalF-16 exhaust sampleswhere High-S fuel was burned
showedhigher numbersof C-O-Siparticlesthat containeddetectableS (in the 25-75%range)
and largernumber fractionsof "C-O-Si, with S" particlesthandid similar samplesfrom JP-8-
poweredF-16's.

ExhaustsampleswerecollectedatvariousdistancesbehindtheF-16aircraftwith thehopeof
beingableto determineif therewerecharacteristicdifferencesin theparticlesrelatedto plume
age. In general,the morphologyandelementalcompositionof soot particlescollected at all
separationdistanceswere similar. The maximumdistancesampledbehindthe aircraft was~1
nauticalmile, andsamplestakenat thisdistancealwayscontainedat leastsomeaerosolsfrom the
closer distances. Figures 5 and 6 show particles from an F-16 exhaustsample(JP-8 fuel)
collectedat 0.05nauticalmiles separationat 10.7km altitude. Most of thesootparticlespresent
appearedto be of thechainaggregatemorphology,althougha few arevisibleassmallspherules.
Thesecould either have impactedas observedor have fragmentedoff the aggregates. The
classicchainaggregatesootmorphologywasobservedregardlessof which typeof fuel theF-16
used(JP-8, High-S, andLow-S). Most soot particlescontainedno detectableS, and H2SO4
dropletswere not observedin significant numbers. Figures7 and 8 showparticlescollected
behind an F-16 (High-S fuel) at 0.1 nauticalmile separation. At separationdistancesof 0.1
nauticalmiles and greater,H2SO4dropletswere usuallyobservedin significantnumbersin the
High-S fuel samples. The soot morphologyis clearly that of chain aggregatesoot, although
perhapsnot asnicely formedasthemorphologiesobservedat closerseparationdistances. Both
figures clearly show the presenceof H2SO4droplets, which are easily recognizedby their
characteristicacidic sulfatesatellitering morphology. TheseH2SO4dropletshave spreadout
over thefilm surfaceuponimpactionto severaltimestheir original (atmospheric)diameters,and
theanalyzed"particles" areresidualmaterialleft after waterloss in thevacuum. Theseaerosols
appearto be primarily external mixturesof the sulfate and soot, with most HzSO4droplets
showing no associationwith sootparticles, and vice versa. X-ray analysis of discrete soot

particles showed most contained little to no detectable S. Again, it must be stressed that

detection of S in or on these soot particles is dependent on the absolute mass of S present, so thin

coatings on small (< .4). 1 I.tm) particles are likely to be undetectable. Thus, the presence of S on

small soot particles can not be ruled out.

Sulfuric acid droplets were observed in all samples, but usually in number fractions far lower

than the soot. The appearance of H2SO4 droplets in some of these samples could be from

nucleation of S-containing vapors in the exhaust or from mixing and coagulation of ambient

(non-plume) H2SO4 droplets from the atmosphere. Observation of H2SO4 droplets has a practical

lower size limit of .4).03 ktm diameter; if the particles are smaller than this the contrast with the

thin film is insufficient to permit detection. We can not dismiss the possibility that large

numbers of sub-0.3 I.tm sulfate particles were collected and not observed in the impactor

samples.

Exhaust particles from the C-130 aircraft (which always burned JP-5 fuel) usually appeared

as soot aggregates, often seeming to have a coating or to be associated with a viscous or semi-

solid phase in aggregates. The coating on individual particles was usually visible as a residue or

spot around the particle, suggesting that the liquid or viscous material at least partially

transferred to the formvar film after impaction. Often particles were formed into aggregate

masses that resembled amorphous blobs, which lost most or all of the chain aggregate
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characteristicsof the sootparticles. Organicvaporsin the exhaustplumemay havecondensed
onto sootparticlesafter plumeagingresultedin a low enoughtemperaturefor condensationto
occur. We speculatethat thesecoatingswereresponsiblefor our observationthat it wasquite
difficult to obtain sharpclear imagesof C-130exhaustparticles. Figure 9 showsindividual
particlesfrom a C-130 sample(~50-m separation)that exhibit the chain aggregatesoot with
residueand blob morphologies. Chemically, the elementalcompositionof theseparticles is
indistinguishablefrom thosecollectedfrom the F-16 aircraft (Figure 5).

All analyzed samples of C-130 aircraft exhaust exhibited the aggregate soot with residue

morphology, whereas only the F-16 samples collected at the largest separation distances did, and

these samples typically showed smaller residue spots suggesting a smaller organic component.

Well-formed soot chain aggregates without residues of the type observed in Figure 5 were not

observed in any of the C-130 samples.

Since the C-130 always burned JP-5 fuel, the effect of fuel type on soot characteristics could

not be determined. Samples were collected over distances ranging from about 100 ft. to

approximately 1 nautical mile behind the source aircraft. The two C-130 samples collected at the

largest separation distances (970619, Sample 21, 0.5 nautical miles separation and 970619,

Sample 20, 1 nautical mile separation) showed the highest number fraction of sulfate particles of

any samples. These two samples contained sulfate (S-O) and sulfate with salts (S-O, with Na, K,

and/or C1) in number fractions approaching or exceeding 50%. Other C-130 exhaust samples,

even ones collected at following distances near 0.5 nautical miles, did not exhibit these high

fractions of sulfate particles.

V. Characterization of Individual Samples

This section describes the 500-particle counting and analysis process for each of tlae SNIF III

samples. Figure 10 shows the sampling parameters for each SNIF III sample.

Flight 6/11/97 Sample #1 - C-130 Aircraft - JP-5 fuel - 0.5 Nautical Mile Separation

The central aerosol deposit was found during a re-analysis of this grid. It is well off center

and was completely missed during the initial look at this grid. The loading on this grid is fairly

light - it could easily be a factor of 2-3 heavier and be better for analysis. The most frequently

observed particles in this sample are small amorphous blobs (it is difficult to describe these in

any other way). These particles usually have a rounded shape, are of light contrast with the

collection film, and tend to average a few tenths of a micrometer in diameter over the entire grid.

They do not appear by morphology to be classic chain aggregate soot particles, although there

are some of these that resemble chain aggregates. The possibility exists that these could be soot

particles coated with something else. The composition of these particles are mostly C (60-90%

by mass), with some O and Si in smaller amounts. Oxygen is usually present in mass fractions

of a few percent, and Si typically at a similar level, although Si is occasionally present in larger

amounts (up to 20% by mass). Trace elements are occasionally observed in these particles. The

rounded shapes of these C-O-Si particles suggest that they may have impacted as liquid, dual-

phase or moist solid particles. Are these particles soot? Could they be rich in organic C, either

as primary emitted particles or formed from condensable vapors in the exhaust? This class of
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 ghti ourcolAc op a onIFlight I date A_craft Fuel Nmiles samplelhr mn

sn08 970611 C-130 JP-5 0.5

sn08 970611 C-130 JP-5 0.5

sn08 970611 F-16 JP-8 0.5

snl0 970613 F-16 JP-8 0.3

snl0 970613 F-16 JP-8 0.3

snl0 970613 F-16 JP-8 0.3

snl0 970613 F-16 JP-8 0.2

snl0 970613 F-16 JP-8 0.7

snl2 970619 C-130 JP-5 0.1

snl2 970619 C-130 JP-5 0.03

snl2 970619 C-130 JP-5 0.5

snl2 970619 C-130 JP-5 1

snl2 970619 Bkgnd

snl4 970625 F-16 Hi S 0.1

snl4 970625 F-16 JP-8 .lto 1

snl5 970625 F-16 Hi S 0.2

snl5 970625 F-16 Hi S 0.1

snl5 970625 F-16 JP-8 0.05

snl5 970625 F-16 Hi S .lto 1

snl9 970627 F-16 LoS 0.1

snl9 970627 F-16 JP-8 0.1

snl9 970627 Bkgnd

sn20 970627 F-16 LoS 0.1

sn20 970627 F-16 JP-8 0.1

sn20 970627 Bkgnd

sn20 970627 Bk_nd

Iseconds] flight I Average I Average Averagesc exposed alt(km)] dCO2 dUPCT dUPC_H
1 18 15 5 135 3.2 23.7 716077 103316

2 18 18 54 149 3.2 28.6 148380 140233

3 18 22 43 71 3.2 51.5 302747 272332

1 16 16 28 71 9.0 15.3 56949 36921

2 16 23 33 93 8.8 50.2 118883 103397

3 16 53 33 74 11.8 4.7 456084 47749

4 16 56 40 60 11.8

5 16 59 37 88 11.9 11.2 79450 34498

23 14 19 46 201 2.5 75.0 413896 350716

22 14 26 33 301 5.2 196.8 1025723 777643

21 14 33 4 301 6.7 45.2 756367 178613

20 14 41 59 501 6.7 13.7 410089 58533

19 15 21 2 401 6.5 1.1 4931 5076

18 14 40 19 60 9.3 84.4 2901616 157686

17 14 50 0 100 9.3 245.7 399082 406084

16 18 45 6 404 10.8 31.3 1439145 67867

15 18 55 15 251 10.8 71.9 2250158 166581

14 19 I0 7 254 10.7 161.7 441175 384870

13 19 26 50 530 11.4 40.4 1797277 103110

19 14 6 21 134 10.7 58.1 181935 156476

18 14 29 43 62 10.6 76.6 197734 202458

17 14 50 12 101 10.4 1.5 16801 8550

16 18 10 56 284 9.1 112.8 268771 226378

15 18 38 28 139 9.1 89.6 212337 174446

14 18 47 41 101 8.0 12.5 5446 5426

13 18 53 55 621 7.4 5.4 1804 1807

Average I Average IdCNC_T dCNC_H

44322 20817

54268 25838

104146 50306

15168 8331

48511 20483

8241 33313

1_152 .7620

133733 69795

287112 125939

74201 32893

25605 12450

1683 994

80052 49038

186353 105569

33018 24864

81684 65280

189346 131688

50535 41607

75466 70555

94533 96568

7456 1158

123854 71263

103331 60224

1365 539

387 181

comments

#4 engine

#2 engine

#2 engine

83% power

90% power
in climb

84% power
Contrails

80-90% power

80-90% power

80% power

85% power

80% power
Contrail

Contrail

Contrail

80-90% power

90% power

Figure 10



particle was observedin many other samples,and theseparticles are referredto as "blob",
"amorphousblob", or "condensationblob"particles.

Two otherparticleclasseswereobservedin largenumberson this grid. Particlesin oneof
theseclasses(Low Counts)resembledtheC-O-Siparticlesmorphologicallybut did not give an
x-ray spectrumsignificantly abovesystembackground. Most of theseLow Countsparticles
were pretty small (-4).07 I.tmdiameteror smaller), and this size is approachingthat where
chemicalinformationcannotbe routinelyobtained. Thus,manyof theseLow Countspanicles
maywell havebeenof theC-O-Si type,but werejust too smallto get thechemicalinformation
required for classification. Sulfateparticles(usually showing the acidic sulfatemorphology)
werealsopresentin relatively low concentrations(< 10%by number).

Resultsof the500-panicleclassification:

C-O-Siblobparticles 358

Low Countspanicles 90

Sulfateparticles 43

Si-rich 5

C-O panicles 4

Flight 6/11/97 Sample #2 - C-130 Aircraft - JP-5 fuel - 0.5 Nautical Mile Separation

Resembles Sample #1 from this date, although particle loadings are even lower (several times

lower) than in that sample. Many squares show only a few particles. Major panicle types are the

same, with a few other types of particles present. The C-O-Si particles typically reseriable small

blobs but many are also present that appear as aggregates. A viscous coating appears to be

present and may smooth out the fine morphological features in these aggregates. Some larger

particles are present (0.3-0.5 lam diameter), showing the same morphology and composition as

the smaller ones. Could this suggest particle bounce from the pre-coUection surface (first

observation of this)?

Results of the 500-particle classification:

C-O-Si blob particles 382

Low Counts panicles 70

Sulfate panicles 39

Si-rich 3

Na-C1 3

Crustal 2

Al-rich 1



Flight 6/11/97 Sample #3 - C-130 Aircraft - JP-5 fuel - 0,5 Nautical Mile Separation

Resembles previous two samples from this flight. C-O-Si particles are of the same general

composition and morphology as before, but the loadings in this sample are better. There are far

more particles on this grid than on the Sample #2 grid, and slightly more than on the Sample #I

grid. More sub-0.1 gm particles are visible in this sample, but the composition does not seem to

change significantly. There are more particles with Si near 20% mass fraction - usually it's

lower than this. The C-O-Si particles that had slightly higher Si mass fractions were still

classified as C-O-Si blobs. Classic chain aggregate soot particles were still not observed in this

sample. Blob particles may be coated soot - some appear to have a grossly chain aggregate

shape. Higher-Si particles without much C were classified as Si-rich. A small fraction of the C-

O-Si particles also show minor (more than trace) amounts Na and sometimes S and CI. These

other constituents were not observed in higher than trace amounts in the previous samples from

this flight. For the first time, one very heavily loaded grid square was observed in a low loading

area. Figure 11 shows an example of this inhomogeneous deposition phenomenon. Grid squares

adjacent to this square show very few particles. Is this the first case of ablation from the pre-

collection substrate? Particles analyzed in this square (not included in the 500-particle

classification) show higher Si than usual, often ~20% mass fractions, both from individual

particle and bulk material analyses. Could a large Si-rich blob either have bounced off or been

ejected from the pre-coUection substrate? Could some of the higher-Si particles in other squares

be there because of this possibility?

Results of the 500-particle classification:

C-O-Si blob particles 380

C-O-Si, with Na 21

C-O-Si, with S 4

C-O-Si, with Na, S 5

C-O-Si, with Na, CI 1

C-O-Si, with Na, S, C1 3

C-O particles 1

Low Counts particles 34

Sulfate particles 19

Si-rich 19

Na-CI 3

Na-CI-S 5

Na-S-O 4

Crustal 1

9
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Flight 6]13/97 Sample #1 -F-16 Aircraft- JP-8 fuel- 0.3 Nautical Mile Separation

Particles appear more solid, well formed, and of higher viewable contrast with the thin film

than the amorphous or "blob" particles in the 970611 samples. Solid particles with high C

content could be soot, although chain aggregate morphology is not evident in most of the

particles. The distinction between C-O-Si solid rounded particles and chain aggregate particles

may be too fine. The small solid rounded particles appear to have the same contrast with the thin

film and elementally are indistinguishable with the branched soot particles. Both particle types

appear to be aircraft soot. Also, "rounded" does not mean "round" - often small lobes are

visible. A rounded particle really just has "soft" rather than sharp edges and is roughly

equidimensional. It is possible that many of the solid rounded particles were at one time

associated with chain aggregate soot particles, and they may have broken off upon entering the

impactor. The distinction was made only to give some idea of the relative number of branched

versus rounded particles on the analysis substrate. The typical, or at least the most commonly

observed, particle is a sub-0.1 l.tm diameter, rounded, solid particle of medium viewing contrast

with the f'flm substrate and with little or no branching structure. Particles substantially larger

than the nominal -0.2 _tm aerodynamic diameter upper size limit (imposed by the pre-collection

substrate) are observed; these are usually in the 0.3-0.5 I.tm range and are infrequently observed

(perhaps one particle in one hundred). In most cases, the composition of the larger particles is

very close to the composition of the numerous sub-0.1 lam particles, that typically being major C

with a few percent O and Si. In this sample, no trace elements (including S) were observed in

the C-O-Si particles. As in the 970611 samples, some particles showed higher Si/C ratios; if C

was not also a major component these particles were classified a.s Si-rich.

Results of the 500-particle classification:

C-O-Si solid rounded particles 287

C-O-Si blob particles 15

C-O-Si chain aggregates 131

C-O particles 5

Low Counts particles 18

Sulfate particles 16

Si-rich 28

Flight 6/13/97 Sample #2 - F-16 Aircraft - JP-8 fuel - 0.3 Nautical Mile Separation

This grid was mishandled such that it was folded over on itself. The grid was straightened

and flattened to the extent possible and put into the holder. Numerous broken grid squares are

observed - this combined with the lower available viewable area of this smaller-mesh grid make

this grid an example of why the 200-mesh size is preferred. It was difficult to locate 500

particles in different regions of the grid for classification on the few intact grid squares.

Fortunately, the CAD region was mostly intact and lots of particles from there could be

analyzed. There were, however, a few squares that showed high numbers of particles well away

10



from theCAD. Lookslike the same deposition problem as before.

The particles on this grid appear to have impacted as wet or blob particles, with fewer dry,

chain aggregate soot particles observed. The particles do not show sharply defined edges,

suggesting that they are moist blobs or are encased in a viscous or gooey material. Could this

sample be compromised because of ablation of the moist deposit on the pre-collection substrate?

Metallic particles are also observed in this sample. They are quite easy to spot because they are

extremely electron-opaque, and appear quite dark in the transmission mode. X-ray spectra of

most of the smaller individual particles showed the C-O-Si signature that has come to be

expected. Bulk analyses of the larger, multiple-particle masses in the CAD and in the high-

loading "islands" also showed C-O-Si, but usually with higher Si (sometimes in amounts nearly

as large as the C). Trace elements were often observed in spectra from the large particulate

masses.

Results of the 500-particle classification:

C-O-Si solid rounded particles 136

C-O-Si blob particles 244

C-O-Si chain aggregates 33

Low Counts particles 25

Sulfate particles 7

Si-rich 47

Ti-rich 3

Cr-rich 2

Cr-Fe (Cr > Fe, not stainless steel) 1

A1-S-CI 1

Mixed salts (Na-Mg-S-C1-K) 1

Flight 6/13/97 Sample #3 -F-16 Aircraft - JP-8 fuel- 0.3 Nautical Mile Separation

Most of the particles on this grid have the C-O-Si composition and some of these (perhaps

5%) also show a little Na and/or S. Most of the C-O-Si particles containing Na and/or S were

smaller than 0.1 I.tm. The larger C-O-Si particles rarely showed any trace elements in this

sample. A few particles were composed of just C and O with no Si above background. As in

other samples, C-O-Si particles appear to show more than one consistent morphology; these are

the amorphous "blobs" and the small solid particles. The blobs again appear to be wet, moist or

dual-phase in nature. Often, it is difficult to distinguish the "blob" particles from the solid-

looking ones, since they are often both about the same size and rounded. There seems to be a

continuous gradation from blob to solid, covering various degrees of solidity. This is a

subjective distinction that may not be valid to make. These particles may in fact all be of the

same morphology; they definitely are of very similar composition. For now we will make the

distinction between solid-appearing and moist-looking (blob) C-O-Si particles, with the caveat
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that we may have to combine the numbers from the two groups into one class. This applies to all

the other samples from this study also. The only morphological distinction that we can be

absolutely sure of is the distinction of chain aggregate soot vs. non-aggregates. -_

Particles substantially larger than expected are again observed in low numbers. These larger

particles are in the 0.3-0.8 I.tm range, and again show roughly the same composition as the

smaller ones.

Results of the 500-particle classification:

C-O-Si solid rounded particles 64

C-O-Si blob particles 300

C-O-Si chain aggregates 12

C-O-Si, with Na 16

C-O-Si, with S 8

C-O-Si, with Na, S 10

C-O-Si, with Na, S, CI 1

C-O particles 6

C-rich 6

Low Counts particles 29

Sulfate particles 11

Si-rich 36

Ti-rich 1

Flight 6/13/97 Sample #4- F-16 Aircraft - JP-8 fuel- 0.2 Nautical Mile Separation

This was another poorly handled grid. Grid was straightened and flattened and then inserted

in microscope for analysis. This is another small-mesh grid. This sample very closely resembles

Sample #3 from this date, with the vast majority of particles being of the C-O-Si composition

and occasionally showing trace Na and S. Again, smaller (sub-0.1 I_m) particles are more likely

to show Na and S, although some particles of this composition are >0.2 lain diameter. The

presence of Na and S does not appear to influence the physical phase (blob vs. solid) of the

particle. Both types showed these trace or minor elements. Not as many larger (>0.3 I.tm)

particles as in Sample #3, perhaps a few particles per thousand.

Results of the 500-particle classification:

C-O-Si solid rounded particles 111

C-O-Si blob particles 262

C-O-Si chain aggregates 4
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C-O-Si,with Na 23

C-O-Si,with S 2

C-O-Si,with Na,S 15

C-O-Si,with Na,S,C1 5

C-Oparticles 7

C-rich 2

Na-S-O 12

Low Countsparticles 38

Sulfateparticles 7

Si-rich 9

Ti-rich 1

Crustal 2

Flight 6/13/97 Sample #5 -F-16 Aircraft - JP-8 fuel- 0.7 Nautical Mile Separation

Mostly small (<0.2 I.tm) solid C-O-Si particles on this grid, with some of the lighter "blob"

particles of the same composition. A small but significant fraction of the C-O-Si particles (more

than on the last few grids) show the soot chain aggregate morphology. Some agglomerate

particles are very large (>1 I.tm across). Not many of these particles show the Na, S, or Na/S

trace element signature that was prevalent in the previous few grids. A few metallic particles

were also observed.

Results of the 500-particle classification:

C-O-Si solid rounded particles 263

C-O-Si blob particles 92

C-O-Si chain aggregates 59

C-O-Si, with Na 3

C-O-Si, with S 1

C-O particles 5

C-rich 1

Na-S-O 1

Low Counts particles 27

Sulfate particles 29

Si-rich 16

Crustal 1
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Fe-rich 1

Al-rich 1

Flight 6/19/97 Sample #23 - C- 130 Aircraft - JP-5 fuel - 0.1 Nautical Mile Separation

CAD region covered with what appears to be a solidified (based on the cracking), originally

liquid deposit of the C-O-Si composition. Other particles are visible in this deposit, usually

because they contain other elements (e.g., Ti) that appear darker in the electron beam. Figure 12

shows a photomicrograph taken at 20,000X that illustrates this problem. Could this be a vapor

condensation or liquid collection problem?

Away from the CAD is where individual particle analysis occurred. Most discrete particles

in this sample are C-O-Si particles of the "condensation blob" type; a few contain darker

inclusions. C-O-Si particles do not show trace Na in this sample. There seem to be more Ti-rich

particles in this sample than in previous samples. Mean analyzed particle size is ~0.1 l.tm,

although a lot of particles are much smaller.

The vast majority of the solid mass of this sample is in the CAD and not visible (or

analyzable) as individual particles. But the bulk aerosol composition is similar to that of most of

the discrete "blob" particles. We have to ask whether these observations suggest that this sample

was compromised in some way. The next sample from this day (#22) was apparently collected

in a similar location behind the aircraft and shows some different soot particle morphologies and

a lesser f'dmy deposit. Could this be a different portion of the exhaust plume?

Results of the 500-particle classification:

C-O-Si blob particles 396

C-O-Si solid rounded particles 32

C-O-Si chain aggregates 4

C-O-Si, with S 6

C-O particles 9

C-rich 2

C-rich, with trace Cr, Fe, K 1

Na-S-O 1

Low Counts particles 17

Sulfate particles 12

Si-rich 9

Si-rich, with A1 1

Crustal 1

Ti-rich 8
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Cr-Fe-K-Na 1

Flight 6/19/97 Sample #22 - C-130 Aircraft - JP-5 fuel - 0.03 Nautical Mile Separation

Heavy particulate loading in the CAD region. Composition of the heavy CAD deposit is C-

O-Si, with higher than expected Si (perhaps 30% by mass in some areas, 10-20% in most others).

The larger agglomerate particles usually show a higher mass fraction of Si than do the individual

chain aggregate particles. Unlike the previous sample (#23) from this flight, discrete soot-like

particles were observed over much of the grid surface. Particles on this grid were

overwhelmingly of the usual C-O-Si composition and the chain aggregate morphology. Most

particles (including the aggregates) were smaller than 0.2 l.tm. Focusing the image was difficult

for this sample because both the formvar film and the particles appeared to have some sort of

f'dm or coating (similar to that on the last sample but not as heavy) on them. This coating was

especially apparent when attempting to obtain sharp, medium-magnification (20,000x) images of

the grid bars and particles, which almost always are easily obtainable and were not in this case.

In this sample, particles appeared blurry and would not come into sharper focus. Figure 9

illustrates this problem. Particles in this FOV clearly show the chain aggregate soot morphology

and C-O-Si composition. A dark spot is visible around most of the particles that could indicate

the deposition or seepage of liquid-phase material from the aggregates to the film surface. The

darker spots show no obvious elemental signature (like S, for example) in excess of the C-O-Si

spectrum from the particle. The spots could be composed of organic material that shows C and a

little O, and they would be indistinguishable from the particle spectra.

Results of the 500-particle classification:

C-O-Si chain aggregates 329

C-O-Si solid rounded particles 62

C-O-Si blob particles 12

C-O-Si, with S 15

C-O particles 3

Low Counts particles 12

Sulfate particles 45

Si-rich 22

Flight 6/19/97 Sample #21 - C- 130 Aircraft - JP-5 fuel - 0.5 Nautical Mile Separation

Overall, there was a pretty light loading of particles on this grid. The CAD region was never

located because the grid was mishandled and tape was sticking to much of the underside. This

eliminated ~25% of the grid from analysis. A nicely dispersed deposit of particles was present

for analysis on the remaining grid surface. Both C-O-Si and S-rich particles are present on this

grid in similar numbers. Analyzed S-rich (sulfate) particles typically appear <0.1 p.m in diameter

15



andlosemass(volatilize) undera condensedelectronbeam. Over half of the S-richparticles
alsocontainNa, K, and/orCI asminoror traceelements. Theseparticlesusuallydid not show
anacidicsulfatemorphology(satelliteringsof smallerparticles);this suggeststhatmanywere at
least partially neutralized upon collection. Again, these sulfate particles were probably
significantlysmaller than0.1 I.tmin the atmosphere.The C-O-Siparticlesarepresentas both
solidparticlesand amorphousblobs,andgenerallydo not appearaschainaggregates,although
thesearepresentin smallernumbers. The soot often looks to be compacted,and sometimes
appearsasroundedsolidparticlesin the0.05-0.20t.tmsizerange.

Resultsof the500-particleclassification:

C-O-Sisolidroundedparticles 115

C-O-Siblob particles 45

C-O-Sichainaggregates 22

C-O-Si,with S 3

Low Countsparticles 12

Sulfateparticles(S-O) 139

Sulfatewith Na, K, and/orC1 162

Si-rich 2

Flight 6/19/97 Sample #20 - C-130 Aircraft - JP-5 fuel - 1 Mile Separation

This grid did not show a well-defined CAD region, and had particles inhomogeneously

distributed over the grid surface in small high-loading islands. Particles on this grid were of two

main types - C-O-Si particles and particles showing all or most of the elements Na, C1, K, and S.

Both Na and S were usually present in this later class of particles, with K frequently and CI less

frequently observed. Carbon is not present in a major mass fraction in these particles, although

small C peaks are often visible. These salt-like particles are unstable (volatile) in the condensed

electron beam and are often much larger (up to several micrometers in size) than expected given

the pre-collection surface upstream of the grid. The uneven deposition pattern on the formvar

film suggests that this sample might have experienced pre-collection substrate ablation and

particle bounce in the impactor. The C-O-Si particles were more often spread out nicely and

were usually smaller than ,43.25 _m in diameter, while the Na-S-K-CI particles were frequently

observed as large masses in the deposition islands. Based on the morphology, the deposition

patterns, the particle size and the propensity for beam damage, the salt-like particles probably

were well-hydrated (moist to wet) when collected. Remember that the 500-particle counts are

not performed in these deposition "island" regions.

Results of the 500-particle classification:

C-O-Si blob particles 131

C-O-Si solid rounded particles 93
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C-O-Sichainaggregates

C-O-Si,with S

Low Countsparticles

Sulfateparticles(S-O)

Sulfatewith Na, K,and/orCI

2

31

20

44

179

Flight 6/19/97 Sample #19 - Background Air at 22,000 ft

Nice central aerosol deposit near the periphery of the grid. Lots of sub-0.1 I.tm particles are

visible. Soot particles of the "C-O-Si - chain aggregate" type are everywhere, along with small

individual spherules and rounded particles of the "C-O-Si - solid" type. Very few blobs are

evident. Sulfate particles are present in numbers similar to the soot particles. Figure 13 shows a

typical FOV that illustrates the observed particle types and their relative prevalence. Soot

particles often showed a darker spot around them that could be related to a liquid phase on the

particle at impaction. These spots were not S-rich, suggesting that these "residue" deposits were

not sulfate. In some of the observed sulfate particles, miniscule soot particles were also present,

suggesting either soot/acid coagulation or soot acting as an acid condensation nucleus. Figure 14

shows a larger sulfate particle with several small C-O-Si particles or fragments on its surface.

The observation of so many soot particles of obvious aircraft origin in this "background air"

sample was surprising. Possible reasons for these observations are reviewed below in the
Discussion section.

Results of the 500-particle classification:

C-O-Si chain aggregates 151

C-O-Si solid rounded particles 122

C-O-Si blob particles 11

C-O-Si, with S 33

Low Counts particles 8

Sulfate particles (S-O) 164

Sulfate with Na, K, and/or C1 11

Flight 6/25/97 Sample #18 -F-16 #1 -High S Fuel- 0.1 Nautical Mile Separation

Very large CAD area was observed covering tens of squares. Lots of f'me (0.05-0.10 lam)

particles on this grid. This sample had the same problem as was observed in Flight 6/19/97,

Samples #22 and #23 (C-130 Aircraft at 100' Separation), namely a film appeared to be present

that precluded getting a sharp focus in the micrograph images. Particles are predominantly of the

C-O-Si composition, usually with a significant amount of Si (10-20% mass fraction) in them.

All three types of C-O-Si particulate morphology were observed in this sample. Little or no S
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was observed in/on these soot particles, and very few sulfate particles were present.

Results of the 500-particle classification:

C-O-Si blob particles 173

C-O-Si chain aggregates 99

C-O-Si solid rounded particles 142

C-O-Si, with S 13

Low Counts particles 37

Sulfate particles (S-O) 33

Sulfate with Na, K, and/or C1 2

Ti-rich 1

Flight 6/25/97 Sample #17 - F-16 #2 - JP-8 Fuel - 0.1-1 Nautical Mile Separation

Grid was compressed into a tight ball. Tried to unfold the grid but it started to break.

Absolutely no chance for an analysis on this one.

Flight 6/25/97 Sample #16 - F-16 #1 - High S Fuel - 0.2 Nautical Mile Separation

This grid showed a lot of broken-film grid squares, especially in the CAD area. On squares

in the CAD where the film was intact, a heavy C-O-Si particulate deposit was present that made

it difficult to view and analyze discrete particles. This particulate deposit was comprised mostly

of densely packed chain aggregate soot particles, although it was difficult to tell the morphology

of C-O-Si particles in the heaviest parts of the deposit. Blob-morphology particles and a filmy

coating could have been present in the heavy-deposit areas. The C-O-Si composition was pretty

consistent whether analyzing discrete particles or bulk deposits.

Away from the CAD area, individual particles could be analyzed. Sulfate particles were

present in this sample, but some of these were pretty large (>0.3 l.tm diameter). This suggests

that they were present in the ambient atmosphere before the aircraft flew by and were not emitted

by the aircraft. It is difficult to understand how these larger liquid droplets passed through to

impact on this collection surface. Smaller sulfate particles were also observed, but not in large

numbers. Lots of C-O-Si particles of all morphologies were present. Many of these particles

also showed trace salt components.

Results of the 500-particle classification:

C-O-Si chain aggregates 151

C-O-Si blob particles 106

C-O-Si solid rounded particles 54
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C-O-Si,with S

C-O-Si,with Na, K,and/orCI

Low Countsparticles

Sulfateparticles(S-O)

Sulfatewith Na,K, and/orCI

Si-rich

22

51

37

63

15

1

Flight 6/25/97 Sample #15 - F-16 #1 - High S Fuel - 0.1 Nautical Mile Separation

Grid was bent and was missing the tab. It was straightened satisfactorily and analyzed.

Overall, this sample resembled the last sample closely, with lots of sooty material. Figure 15

shows some of this sooty material in a high-loading area, along with a larger (~0.3 I.tm) Ti-rich

particle. The sooty material was deposited in a CAD region, but also in many deposition islands

of the type described above that were distant from the CAD. C-O-Si particles were the dominant

composition, with lesser numbers of salt-like and sulfate particles observed. Soot particles were

observed to be closely associated with the acidic sulfate droplets (that had spread to larger

diameters) in this sample. Figure 7 and Figure 8 are high-magnification photomicrographs from
this sample showing the association between soot and sulfate.

Results of the 500-particle classification:

C-O-Si chain aggregates 183

C-O-Si solid rounded particles 115

C-O-Si blob particles 12

C-O-Si, with S 43

C-O-Si, with Na, K, and/or CI 18

C-O 1

Low Counts particles 11

Sulfate particles (S-O) 84

Sulfate with Na, K, and/or CI 6

Si-rich 20

Ti-rich 6

Crustal 1

Flight 6/25/97 Sample #14 - F-16 #2 - JP-8 Fuel - 0.05 Nautical Mile Separation

A very well-def'med CAD region with a good loading of particles. Particles are mostly chain

aggregate soot with very few S-containing particles or C-O-Si particles of the "blob" type
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observed.Sootparticlesdo not exhibit adarkspotaroundthemon theformvar film andareeasy
to seein detail,suggestingthat f'tlmy coatingsarenotpresentin theseparticles. Figure5 shows
particlesin atypical FOVfrom this sample.

Resultsof the500-particleclassification:

C-O-Sichainaggregates 239

C-O-Sisolidroundedparticles 187

C-O-Siblobparticles 13

C-O-Si,with S 4

Low Countsparticles 26

Sulfateparticles(S-O) 19

Sulfatewith Na, K, and/orC1 2

Si-rich 10

Flight 6/25/97 Sample #13 - F-16 #1 - High S Fuel - 0.1-1 Nautical Mile Separation

This sample contains lots of soot particles and a good CAD. The soot particles are mostly of

the chain aggregate type, although the other types are also present. These soot particles and

aggregates often appear to be coated with a film - this has been observed on other "High-S Fuel"

samples. Figure 16 and Figure 17 show more examples of particles from this sample that may

have coatings that preclude sharp imaging.

Results of the 500-particle classification:

C-O-Si chain aggregates 179

C-O-Si blob particles 59

C-O-Si solid rounded particles 200

C-O-Si, with S 13

Low Counts particles 31

Sulfate particles (S-O) 9

Si-rich 7

Ti-rich 1

1Fe-rich

Flight 6/27/97 Sample #16 - F-16 #1 - Low S Fuel- 0.1 Nautical Mile Separation

This grid displayed a very inhomogeneous deposition pattern with many of the island type of

deposits. No clear-cut CAD region was observed. The vast majority of the grid squares showed
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only a few particles present, and these low-loading squares were sometimes adjacent to

deposition island squares containing hundreds to thousands of particles. We have to question

whether the impactor was functioning correctly during this sample. The highly irregular

deposition pattern suggests that the pre-collection substrate might be overloaded and losing

material by ablation. We must also question that if this is the case, can particle analyses from

areas outside the deposition islands be trusted. This grid was of the fine-mesh variety, so surface

available for particle analysis was reduced dramatically. There were enough broken-film grid

squares that finding 500 particles for analysis outside of the island deposits was not possible.

The particles observed in the islands appeared to be soot particles primarily of the blob and solid

morphologies. Relatively few chain aggregate soot particles were observed in this sample. The

composition of these classes of particles was again C-O-Si.

Results of the 500-particle classification:

Not performed.

Flight 6/27/97 Sample # 15 - F- 16 #2 - JP-8 Fuel - 0.1 Nautical Mile Separation

This grid was also not handled well- it could however be straightened for analysis. This

sample also showed highly uneven deposits and no clear CAD area, but there were sufficient

particles outside of the "islands" to conduct a 500-particle analysis. Particles were a mix of

chain aggregates, blobs, and small solid C-O-Si types. Si was often higher than expected in

these particles, occasionally in the 20-30% mass fraction range. Trace elements were sometimes

observed in these soot particles. Some sulfate particles were observed, but not many relative to

the soot particles. Metallic particles of several types were found occasionally, as were salt-like
particles.

The soot particles did not appear to have any sort of residue or f'dmy coating associated with

them. This has been observed before in previous samples from JP-8-fueled engines (e.g., Flight

6/25/97, Sample #14). Analysis of particles in the deposition island areas frequently showed

high Si. The highest Si mass fractions (occasionally reaching 25%) were found in the large

agglomerate masses in these deposition islands.

Results of the 500-particle classification:

C-O-Si solid rounded particles 165

C-O-Si chain aggregates 79

C-O-Si blob particles 129

C-O-Si, with S 3

Low Counts particles 31

Sulfate particles (S-O) 49

Si-rich 37

Ti-rich 4

Fe-rich 1

21



Al-rich 1

Crustal I

Flight 6/27/97 Sample #14 - Background Air

Grid was severely mangled - bent up almost in a ball. It was straightened to the extent

possible and analyzed. This caused much of the formvar film covering the grid squares to break.

This grid shows uneven deposits and no obvious CAD region. Most squares are lightly loaded

with particles (5-10 per square), and there are a few heavy-deposit squares dispersed among

them. As usual, there are a lot of soot particles on this grid, but most of these appear to be of the

solid type rather than chain aggregates. We must decide whether these particles are aged,

compacted soot particles from the atmosphere or whether they've been knocked off the pre-

impaction surface. Many of the C-O-Si particles in this sample also contain Na, K, CI, or S. The

soot often appears as blobs, and nearly all of the soot particles have darker residue spots around

them. This makes it difficult to obtain clear images of the soot particles.

Results of the 500-particle classification:

C-O-Si solid rounded particles 215

C-O-Si chain aggregates 29

C-O-Si blob particles 99

C-O-Si, with minor S 21

C-O-Si, with minor Na, K, or C1 45

Low Counts particles 18

Sulfate particles (S-O) 48

Si-rich 14

Ti-rich 1

Fe-rich 2

Cr-rich with minor Na, K 1

Cr-rich with minor Fe 2

Na-, Cl-rich 2

K-, Cl-rich 1

Crustal 2

VI. Discussion

In this section we summarize and attempt to explain the observations documented in previous

sections of the report. These explanations are full of conjecture and speculation; they were
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intendedbe that wayandto elicit discussionamongthe PIs. Obviously,beforewe "go public"
with our resultswe haveto besure we understandwhat it is we're measuringand whether
samplingproblemscausedsomeof our data to be unreliable. Hopefully, the questionsthat are
askedwill providethestimulusfor answersfrom ourgroupratherthanevokingmorequestions.

ThemajorobservationsfromtheTEM grid analysesaresummarizedbelow.

1) Aircraft exhaustparticleswereobservedin a variety of morphologiesranging from classic
chain aggregatesootparticlesto "amorphousblob" particlesthat may have impactedin a
wet, moist or dual-phasestate. Somesamplesshowedblob particlesthat looked like they
could have beencoatedchain aggregates. Regardlessof their physical appearance,the
particlesgenerallyshowedsimilarcompositionsof 60-90%C, 2-10%O, andone to several
percentSi, with traceelementsoccasionallyobserved. Oxygenwas rarely presentabovea
10%massfraction,butSi occasionallywasobservedat the20-30%(by mass)level. Higher
Si massfractionswereusuallyobservedduringbulk analysisof largeragglomeratemasses.

Soot particles in somesamplesappearedblurred under high-resolutionobservation. We
proposedthattheywerecoveredwith a thin film or coatingthat madeviewing andobtaining
imagesof theseparticlesdifficult. Thesecoatingswerenotexplicitly visible duringanalysis.
Darker spotsthat maybe residuefrom thesefilms were usuallypresentaround thesesoot
particles. Analysisof theresiduespotsshowedno largedifferencesin compositionfrom the
soot particles. This hasnot been observedbefore in similar samplesanalyzed during
previousNASA programs.The blurred particles appearto be more prevalent in samples
collectedatveryclosesamplingdistances,althoughthiswasnotaconsistentfinding.

Someof thesamplesshowedunevenparticle depositionpatternsin placeof or in additionto
a centralaerosoldeposit. Theseunevenpatternsappearedas"deposition islands" of high
particlenumberssuperimposedona lower-loadingbackground.Thecompositionof particles
in thesehigh-loadingareaswasessentiallythe sameas for particles in other areasof the
grids,althoughoccasionallySi waspresentin higheramounts.

Particlesemittedfrom C-130andF-16 aircraft arevery similar in composition,but often are
morphologicallyquitedifferent. The C-130 exhaustis characterizedby more C-O-Si blob
particlesandlesssolidor chainaggregatesootparticles. Theexhaustof F-16aircraft appears
to containa higherfractionof solidandchainaggregatesootparticles. Samplesfrom bothof
theseaircraft usually showedlittle or no detectableS on exhaustparticles,even in cases
where high-S fuel wasbeingconsumed. Samplescollectedat a close following distance
showedvery few sulfateparticles;the relative numberfractionof sulfateparticles increased
with largerfollowing distances.

"Backgroundair" samplesshowedhigherthanexpectednumbersof sootparticlesin addition
to acidicsulfateparticles.

2)

3)

4)

5)

We need to ask ourselves if there could be an important difference between the blob and

chain aggregate soot particles that merits making a distinction between the two, since they have

essentially the same elemental composition. This is not necessarily the same as saying they are

made of the same material, because much of the C in the blob particles could be in an organic

form. Obviously, chain aggregates can account for a lot more surface area per unit mass than

rounded particles, so this is a potential reason to keep the distinction. Could morphology of the
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sootparticlesbeusedasan indicatorof fuel or lubricant composition, combustion temperature or

engine conditions? Is it even useful at all to attempt to count the soot and other particles, if they

could possibly break into smaller fragments upon collection? Why do we consistently see Si in

the exhaust particles? Is this an effect of using Si-containing fuels or lubricants in the engines of

military aircraft? Will soot particles in the atmosphere with a significant mass fraction of Si

absorb radiation in substantially different amounts than pure C soot particles?

The distinction we have made between chain aggregate soot and solid rounded soot is

probably too f'me. Solid rounded soot particles are very likely either small fragments of chain

aggregates or the primary spherules before aggregation occurred. It is also possible that they are

the compacted soot aggregates after atmospheric processing and aging. If so, we should simply

combine the two categories into a solid soot category. We can do this at a later time if necessary.

Similarly, there appears to be a gradient between the "amorphous blob" and the "solid"

morphologies. While some particles clearly fall into either category, others are not so easy to

classify. This classification was in some cases pretty subjective (a particle may have looked

more like it belonged in one class as opposed to another). After further discussion among the

PIs, we may decide to abandon the morphology distinction altogether.

The question of whether or not there is a film or coating on some of the soot particles is a

difficult one to get a definitive answer for. Why do particles and edge features in some samples

(e.g., 6/19/97 #22, 6/25/97 #18, etc.) appear blurry and difficult to obtain sharp images? Is there

some sort of film (possibly organic) present that coats the impaction substrate and the particles

on it? This appears to be more of a problem at very close sampling distances. The particles

appear blurred under standard TEM viewing mode and also are usually surrounded by a darker

spot on the formvar film. This could be a residue from liquid that seeped off the particle onto the

film. The composition of the blurred particles and the darker spots is similar to all the other soot

particles in this study (i.e., no additional trace elements are present or vastly different C-O-Si

ratios observed). If a film or liquid was on the particles, our guess is that it is some sort of sticky

or viscous organic fluid whose C-rich nature would not change the composition of the particles

very much. A potentially similar deposit was observed in Flight 6/19/97, Sample #23, which

was collected at a close distance behind a C-130 aircraft. The CAD region of this grid was

covered with what looks like a solidified, originally liquid deposit of the C-O-Si composition

(Figure 12). The major question here is how the liquid material (if that's what it is) could have

existed in the exhaust plume and moved into the impactor. Could this deposit have resulted from

the condensation of organic vapors in the impactor? Perhaps it occurred from the coagulation of

many thousands of the "blob"-type C-O-Si particles?

Another question centers on how the uneven particulate deposits occurred. There is no doubt

that some samples showed a central aerosol deposit of particles that decreased in loading with

increasing radial distance from the impactor jet. This is how we expect this single jet impactor to

deposit particles. The suspect samples show "deposition islands" of high particle loading spread

around the grid and surrounded by low-loading areas. It is our hypothesis that clumps of

material from the pre-collection surface (designed to remove particles > --0.2 _m) were loosened

and blown back to the collection substrate. This effect was worse at some times than others,

possibly influenced by changes in the impactor operating pressure, jet velocity, or size of the pre-

collection deposit. We have to question whether particle analyses on grids that show this effect

should be considered valid. None of the 500 particles analyzed during the formal counting

portion of the grid analysis was from any of the deposition island squares. Still, we have to ask

24



how likely it is that largeclumpswould be the only particlesblown off the forward impaction
surface. Somesmall aggregateparticlesandevenindividual particlesmay haveexistedon the
pre-coUectionsurfaceand could havechangedchemicallyor morphologicallybeforebecoming
airborneagain. Of course,particlesthatdid comefrom thepre-collectionsurfacearestill largely
aircraft soot from this samplingprogram,andcompositionalinformation is probably still valid.
Particle morphologywould probablybe the leastvalid of the observedparticlecharacteristics,
andrelativeabundancesof thevariousparticletypescouldbeskewed.

Another question we have to ask is whether the distance from the aircraft that the sample was

collected has any relationship to particle composition, morphology, or relative abundance. This

study suggests that relative abundances might be affected by sampling distance behind the

engine. Very few sulfate particles were observed in samples collected at close distances behind

an aircraft. This probably reflects the relative lack of sulfate particles in the near-exhaust

plumes, and the likelihood that gaseous S compounds did not condense onto exhaust particles
over these short distances and times. As distance behind the sampled aircraft increased, the

collected particles in many samples showed a larger number fraction of sulfate. This is either

because S had enough time to get onto exhaust particles in the plume, or that dispersion and

mixing of the exhaust into the background air brought sulfate particles into the sampling path.

Small soot particles were observed in or on sulfate particles in samples where sulfate particles

were plentiful.

It is unknown why so many soot particles were observed in "background air" samples

6/19/97 #19 and 6/27/97 #14. We can speculate on two possible reasons. One possibility is that

the sampling location was not entirely in background air (i.e., the altitude that was sampled

experienced recent aircraft activity or a dispersing aircraft exhaust plume was intercepted). The

other prospect we have identified is that the soot came from a heavily-loaded pre-coUection

surface or the impactor walls. We must ask whether the impactor was periodically cleaned over

the duration of the program. If not, then this second possibility becomes more likely. "We may

have no representative background aerosol samples with which to compare the exhaust samples.

With respect to our analytical resolution, we emphasize that we can routinely observe solid

C-rich particles in the 10-20 nm range during our 500-particle counting/sizing analyses.

Significantly better resolution is possible with this microscope, but changing magnifications and

optimizing the instrument for higher resolution work is time consuming and labor intensive.

Sulfuric acid particles, which lose mass in the electron microscope and leave a residue on the

thin film, are visible when the spread spot exceeds -43.03 l.tm in diameter. As stated above, the

minimum particle size for obtaining elemental compositions is somewhat larger. Figure 18

shows a FOV showing both C-rich and H2SO4 particles from one of the background air samples

(970619, #19). This photomicrograph is included as an example of both the routine resolution of

our microscope during the 500-particle counting process and the predominance of external

mixing of sulfate and soot particles that was observed throughout this study. If 20-nm soot

particles had routinely existed within sulfate particles in these samples, most would likely have

been observed and documented as such.

It is our hope that the data presented and the questions raised in this report lead to timely

discussion among the Principals of this study. It is imperative that we proceed with this

discussion as soon as possible given the other studies that are being published on this topic.

Personally, the author would like to see conference calls set up for this purpose, but email

correspondences would also be fine. Ideas are encouraged for any new methods for
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microanalysis that might give us more information than we are getting with the current
techniques. Also encouragedis input from eachof the PIsaddressingthe questionsthat were
raisedduring theanalyses(evenif theanswerto thequestionis "I don't feel that's an important
point to dwell on"), especiallythosedealing with impactoroperation(e.g.,collectionefficiency
andunevendepositionpatterns).If we can't trust the impactor,perhapswe can't believeall the
data!

Someof the questions raised in this report may not be answerable without laboratory work

designed to better characterize impactor performance and collection efficiency. If deemed

necessary, these studies should be undertaken at the earliest convenience. Remember that all

samples have been archived so re-analysis of some of these samples is possible.
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